Abstract Selection is expected to maximize an individual's own genetic reward regardless of the potential fitness consequences for its sexual partners, which may cause sexual conflict. Although performance in holometabolous insects typically diminishes with age, old male mating advantage has been documented in a few species. Whether this pattern arises from female preference for older males based on, e.g., pheromone blends (intersexual selection), or from increased eagerness to mate in older compared to younger males is currently debated. We explore the mechanistic basis of old male mating advantage, using a series of experiments including behavioral as well as manipulative approaches, in the tropical butterfly Bicyclus anynana. Consistent with the residual reproductive value hypothesis, old male mating advantage was associated with a greater eagerness to mate, evidenced by a two times higher flying and courting activity in older than in younger males. In contrast, we found only limited support for a contribution of female preference for older males based on pheromone composition, although male sex pheromones clearly do play a role in mating success. Our results suggest that male behavior may play a primary role in old male mating advantage, and that pheromones are likely of secondary importance only. Male mating success was related to higher overall pheromone titers rather than variation in a single component. A dominant importance of male behavior in determining mating success may result in sexual conflict.
Introduction
Accumulating evidence suggests that reproduction induces non-trivial costs in both males and females (Enquist and Leimar 1990; Chapman et al. 1998 ; Kemp and Wiklund 2001; Paukku and Kotiaho 2005) . Accordingly, selection is expected to maximize the individual's own genetic reward regardless of the potential fitness consequences for its sexual partners (Arnqvist and Rowe 2005; Bergmann et al. 2011) . This is despite the fact that cooperation is necessary to produce offspring in sexually reproducing organisms. For instance, sexual selection on males is expected to favor traits increasing the number of matings and sperm competitive ability, although these adaptations may have detrimental effects on female partners (Chapman et al. 1995; Chapman 2001; Kemp and Rutowski 2004; Kuijper et al. 2006) .
Throughout the animal kingdom, male mating success is typically positively related to traits such as body mass and fat content, which are indicative of a male's condition and therefore resource holding potential (e.g., Marden and Waage 1990; Kemp and Wiklund 2001; Lappin et al. 2006) . However, in some systems physical means typically associated with aggressive behavior do not seem to play a decisive role in determining mating and territorial success (Kemp and Wiklund 2001; Kemp 2002 Kemp , 2006 Fischer 2007; Janowitz and Fischer 2012) . In such systems, male mating success may be associated with the males' 'willingness to persist' (Kemp and Wiklund 2001) or visual (Walther and Communicated by D. Kemp Clayton 2005; Velando et al. 2006) , acoustic (Ryan 1988; Rivero et al. 2000; Judge 2011 ) and chemical cues (PerezStaplez et al. 2010; Nieberding et al. 2008 Nieberding et al. , 2012 .
In many species, such as holometabolous insects, condition diminishes with age (Karlsson 1994; Fischer et al. 2008) . Consequently, females are expected to mate preferentially with younger, virgin males, which may have more resources available for signalling and may provide either a greater quantity or quality of sperms (Vahed 1998; Wedell and Karlsson 2003; Ferkau and Fischer 2006; Fricke and Maklakow 2007) . Against this background, it is interesting that several studies on insects have revealed counterintuitive results by demonstrating old male mating advantage, for instance, in the tropical butterfly Bicyclus anynana Nieberding et al. 2012; cf. Conner 1989; Zuk 1988; Simmons and Zuk 1991; Cameron et al. 2005; Perez-Staplez et al. 2010) . Such patterns may result from either (1) increased competitive ability or eagerness of older compared to younger males, (2) females preferring older males over younger ones, or (3) a combination of both. For instance, older males may exhibit a more persistent and aggressive courtship behavior based on their low residual reproductive value (Fischer 2006; Geister and Fischer 2007; Fischer et al. 2008) , while younger males will generally pay greater costs when being killed or injured during mating or courtship (Parker 1974; Enquist and Leimar 1990; Kemp 2002 Kemp , 2006 . Consequently, younger males should be much more reluctant to pursue risky behaviors. On the other hand, female preference for older males could be based on their proven high fitness in terms of survival, thus essentially reflecting a 'good genes' hypothesis (e.g., Trivers 1972; Brooks and Kemp 2001; Mays and Hill 2004; Johnstone et al. 2009 ).
In the tropical butterfly B. anynana, old male mating advantage has been convincingly demonstrated Nieberding et al. 2012) , while the underlying ultimate and proximate reasons for this striking pattern are under debate. On the one hand, increased male aggressiveness and persistence based on a low residual reproductive value has been suggested to cause old male mating advantage cf. Fischer 2006; Geister and Fischer 2007) . On the other hand, more recent findings indicate that the higher mating success of older males is due to females preferring the sex pheromone profiles of older males (Nieberding et al. 2012) . Sex pheromones are species-specific blends of chemical compounds used for intraspecific communication to achieve reproduction (Wyatt 2003) . Interestingly, the composition of male sex pheromone (hereafter MSP) varies with age in B. anynana, and this information can be used by females to recognize and choose older males (Nieberding et al. 2008 (Nieberding et al. , 2012 . Specifically, MSP2 (hexadecanal) is considered the most indicative signal for male age and may therefore be under direct sexual preference by females (Nieberding et al. 2012) . This sex pheromone is exclusively produced in the androconia, while the two others are produced throughout the wing (Nieberding et al. 2012) .
We used a series of experiments to explore the mechanistic basis of old male mating advantage in B. anynana. Specifically, we investigated whether this pattern is caused by female preference based on pheromone blends (specifically MSP2, intersexual selection; Nieberding et al. 2008 Nieberding et al. , 2012 , a competitive superiority of older compared to younger males (intrasexual selection), or a combination of both. To this end, we (1) analyzed behavioural differences across male age classes (experiment 1), (2) experimentally manipulated pheromone blends to disentangle male behaviour from pheromone blend (experiment 2), (3) tested for the effectiveness of operations and the general importance of MSPs by comparing mating success in 'operated' and 'sham-operated' males (see further below; experiment 3), and (4) tested for differences in mating success in odourless males (experiment 4). We pay particular attention to male behaviour and disentangling male behaviour from pheromone blends, issues which have not been addressed before.
Methods

Study organism and rearing conditions
B. anynana is a tropical, fruit-feeding butterfly, distributed from southern Africa to Ethiopia (Larsen 1991) . Eggs for this experiment were collected from >200 females from a stock population kept at Greifswald University. To produce two age classes of young (2 days) and older (12 days) males for mating experiments, two cohorts of~1,000 eggs each were collected over 2 days at 27°C, with the second cohort being collected 10 days later than the first one. Note that, due to relatively short life spans of about 4 weeks in reproductively active (=wet season) butterflies under laboratory conditions Karl and Fischer 2009) , the difference in life span of 10 days is considered to be ecologically relevant (Brakefield and Reitsma 1991; Fischer et al. 2008 ). Furthermore, 2-day-old males are sexually fully mature in B. anynana, and that this age is routinely used in our and other laboratories for mating (Fischer 2006 (Fischer , 2007 Fischer et al. 2008; Nieberding et al. 2012; Janowitz and Fischer 2012) . For instance, Fischer (2006) reports that 85 % of females mated with 2-day-old stock males within a 2-h period. If 2-day-old B. anynana males are confronted with an excess of females, close to 100 % mate within 1 h (own unpublished observations). Stock females were kept at 20±0.3°C and without oviposition substrate between sampling intervals. As consequently few eggs were laid during this period, we are convinced that any potential differences in egg quality are negligible. In fact, if anything, eggs of the later cohort are expected to have a higher quality, due to a temperaturemediated increase in egg size and quality (Fischer et al. 2003; Geister et al. 2008) . Thus, potential differences in egg quality among cohorts cannot explain a poorer the performance of younger males from the second cohort.
Resulting larvae were reared until pupation on young maize plants in a climate chamber at 27± 0.3°C, high relative humidity (70 %), and a 12:12-h light/dark cycle. The climatic conditions chosen are similar to those at which the butterflies develop and reproduce during the favorable wet season in the field (Brakefield and Reitsma 1991; Brakefield 1997) . Pupae were collected daily and kept in cylindrical hanging cages (30×39 cm) until adult eclosion. To avoid any matings prior to experiments, males and females were separated on their eclosion day and kept in hanging cages. Note that B. anynana males do not mate on their eclosion day. For adult feeding, butterflies were supplied with moist banana and water daily.
Experimental design and behavioral analyses
To analyze the mechanisms underlying old male mating advantage, four different experiments were carried out as detailed below. Throughout all experiments, all male butterflies were marked on the ventral forewing using a felt-tip pen (Multimark 1513, Faber-Castell) in order to distinguish between groups.
Experiment 1: behavior of older and young males A detailed behavioral analysis comparing 2-and 12-day-old males was carried out to test for age-specific differences in behavior. One male of each age class and a single virgin female were released into small mating cages (30×10 cm, N=40). The behavior of both males was recorded on video tapes for the following 60 min. For later behavioral analyses, we used the following categories: walking, flying, courting, copulating, and inactive (cf. Janowitz and Fischer 2010) . Data were analyzed as the time spent per category and hour (s/h), the number of events per category and hour (N/h), and the mean duration of a given behavior (s). Overall activity was assessed as (1) the total time (in seconds) being active per hour, thus including all behavioral categories except inactive, and (2) as the number of behavioral changes (switch from one behavior to another) within 1 h.
Experiment 2: pheromone blend versus male behaviour
To disentangle the effects of MSP composition and behavioural changes due to male age on male mating success, we performed 68 mating trials with four males competing for a single, 2-to 3-day-old virgin female in each trial (mating cages 30×10 cm). The males involved in each trial represented four different treatment groups: (1) young males (2 days) treated with synthetic MSPs mimicking young males, (2) young males (2 days) treated with synthetic MSPs mimicking older males, (3) older males (12 days) with 'young-male' synthetic MSPs, and (4) older males (12 days) with 'oldermale' synthetic MSPs (for synthetic MSP composition, see Table 1 ; for synthesis, see Nieberding et al. 2008) . In this experiment, groups 2 and 4 should gain a higher mating success than groups 1 and 3 if old male mating advantage was related to female preference based pheromone blend, while the alternative hypothesis (male aggressiveness) predicts that groups 3 and 4 gain a higher mating success than groups 1 and 2.
To manipulate MSP blends, the androconia of all males used in this experiment were surgically removed, using fine scissors and a penetrating punching tool, on the day after adult eclosion. This procedure suppresses the production of MSP2 and reduces significantly the production of MSP1 Natural ('wild-type') and synthetic (as used in experiment 2) male sex pheromone (MSP) composition for 3-('young') and 14=('old') day-old Bicyclus anynana butterflies. Given are titers, ratios and percentages. MSP1, (Z)-9-tetradecenol; MSP2, hexadecanal; MSP3, 6,10,14-trimethylpentadecan-2-ol. Data on natural MSP composition are from Nieberding et al. (2008) , see also there for information on synthetic MSP synthesis) and MSP3, while avoiding damage of any wing veins thus maintaining male flight ability (Nieberding et al. 2008) . After operations, the males' flight ability was tested by releasing the male into a cage, and only males with normal flight ability (failure rate <1 %) were kept and used in later mating experiments. Twenty-four young and older operated males each were frozen at −80°C before being treated with synthetic MSPs for later pheromone analyses (by GC-FID analyses; see Nieberding et al. 2008 ). The remaining operated males were treated with the synthetic MSPs mimicking the blend of young ('young' synthetic MSPs hereafter) or older (hereafter, older synthetic MSPs) males immediately before the mating trials. Therefore, synthetic MSPs were applied using a Hamilton syringe by spreading the solution on the butterflies' wing basis. This procedure does not lead to any immobilisation of males. Due to high evaporation rates (Nieberding et al. 2008 (Nieberding et al. , 2012 , 10 μl of synthetic MSPs (5-male equivalents; 5 μl per side) was applied to each male. Treated males were immediately transferred to the mating cages, where they were given 5 min to accommodate. Thereafter, a female was released into the cages to start the trial. Similar assay conditions have been successfully used in B. anynana before (e.g., Robertson and Monteiro 2005; Fischer 2006; Geister and Fischer 2007; Fischer et al. 2008 ). Cages were subsequently continuously monitored for successful matings, and the first male to mate was scored as 'winner'. Using an interval sampling approach, behavior was scored every 5 min during mating trials to assess differences in activity patterns and mating vigor across treatment groups (Janowitz and Fischer 2010) . Behavioral patterns were categorized as inactive, walking, flying or courting. Trials were terminated immediately if a mating occurred, and individuals were frozen to later test for favored chemical compositions in winner versus loser males. If no mating had occurred within 90 min after the start of the trial, trials were also terminated in order to manage variation in MSP blends due to evaporation. All remaining males were frozen at −80°C after termination of trials (i.e., after 1.5 h) for later determination of MSPs (amounts of MSP1, MSP2, MSP3 and TotalMSP and respective ratios).
Experiment 3: mating success of 'operated' versus 'sham-operated' males
To investigate whether MSPs affect mating success under our experimental conditions, we here compared the mating success of 'operated' versus 'sham-operated', 6-day-old males (age chosen for logistic reasons). In operated males, androconia were surgically removed as outlined above, while sham-operated males were treated identically, except that a wing part nearby the androconia was removed instead of the androconia themselves, thus allowing the natural production of MSPs (Nieberding et al. 2008 ). This experiment was designed to test for the effectiveness of operations, and whether MSPs play a significant role in male mating success. A total of 62 mating trials with two males competing for a single female were carried out. Males of the same age were used here to control for age-dependent variation in aggressiveness and other components of mating behavior. Cages were again monitored continuously for successful matings, and time to copulation (from start of the trial until initiation of copulation), copulation duration, and the respective 'winner' were scored. Experiment 4: mating success of 'operated' males across age classes Finally, the impact of age on mating success in 'operated' males was explored in a last set of mating trials (N=142). Two groups of 'operated' males were used, young (2 days) and older males (12 days), in both of which the androconia had been surgically removed as detailed above in order to minimize age-specific differences in MSPs. The setup of mating trials was otherwise identical to experiment 3. Trials were terminated after a maximum time span of 6 h (as no synthetic MSPs were used much longer times could be used). Cages were monitored continuously and same traits as above were scored. Here, both groups should show similar mating success if old male mating advantage was related to female preference, while older males should still outperform younger ones if being related to male behaviour.
Statistical analyses
Differences in time to copulation, copulation duration and behavioral patterns in experiments 1, 3 and 4 were analyzed using standard t-tests. The observed frequencies of successful matings across treatment groups in experiments 2, 3 and 4 were tested against even distributions (null hypothesis) using χ 2 tests. Analyses of variance (ANOVAs) with age and synthetic MSPs as fixed factors were performed to analyze variation in behavioral patterns across male groups in experiment 2. To assess evaporation rates during experiment 2, MSP titers and ratios for all males that did not mate within the 1.5-h mating experiments were analyzed with ANOVAs using age and synthetic MSPs as fixed factors. Differences in MSP composition between successful ('winners') and unsuccessful males ('losers') were determined using paired t-tests. Note that among the three 'losers' per trial, only one was randomly chosen for these comparisons. Finally, to assess the relative importance of specific MSP components, synthetic MSPs and age on male mating success, we used general non-linear models (GNLMs) with a binominal error distribution and a logit-link function on binary data (winner or loser). These analyses included as factors either (a) TotalMSP, age and synthetic MSPs, (b) single MSP components (MSP1, MSP2 or MSP3), age and synthetic MSPs, (c) MSP ratios (MSP3/MSP1, MSP3/MSP2 or MSP1/MSP2), age and synthetic MSPSs or (d) single MSP components, MSP ratios, age and synthetic MSPs. Note here that using such an approach is problematic as the assumption of non-independency of data is violated (see also Geister and Fischer 2007; Fischer et al. 2008; Janowitz and Fischer 2012) . Nevertheless, we decided to present these models for illustrative purposes, so as to demonstrate the relative influence of individual MSPs, synthetic MSPs and age on male mating success. All pheromone data were log-transformed prior to analyses. Statistical tests were performed using Statistica 6.1 (StatSoft, Tulsa, OK, USA). Throughout the text mean values are given ±1 SE.
Results
Experiment 1: behavior of older and young males
Video analyses revealed a number of significant differences in the behavior of unmanipulated young and older males (for means and statistics, see Table 2 ). Per hour, younger males were significantly less active and spent less time walking, flying, courting, and copulating than older males. Regarding the frequency of behaviors per hour, older males showed higher frequencies for walking, flying, courting, mating and being inactive than younger males. Consequently, older males changed their behavior significantly more frequently than younger males. Mean durations, however, differed only significantly for courting between age classes, with older males courting on average longer than younger ones, but not for being inactive (note the tendency in Table 2 ), walking, flying, and copulating.
Experiment 2: pheromone blend versus male age Twenty-five (36.8 %) out of 68 trials led to successful matings in this experiment. To disentangle the effects of MSP composition and male age, we compared four male groups differing in age and synthetic MSPs (i.e., MSPs; for synthetic MSP composition, see Table 1 ). The distribution of successful matings across male groups differed significantly from an even distribution (χ 3 2 =12.6, P=0.006), with the young males being treated with 'young' synthetic MSPs showing the lowest and the older males being treated with 'young' synthetic MSPs the highest mating success (Fig. 1) . Pooling across synthetic MSP treatments revealed a significantly higher mating success in older compared to young males (older: 21, young: 4; χ 1 2 =11.6, P<0.001). In contrast, pooling across age classes documented that synthetic MSPs had no significant impact on male mating success (older synthetic MSPs: 12, young synthetic MSPs: 13; χ 1 2 =0.04, P=0.840). Interval sampling revealed that male age significantly affected the frequency of inactive, flying, and courting, but not of walking (Table 3) . Older males were less often found being inactive (older: 12.2±0.3<young: 14.3±0.3), but more often 1.8 ± 0.2 > young: 0.6 ± 0.1) compared to younger males (Fig. 2) . Synthetic MSPs, in contrast, did not affect any of the behavioral traits significantly. For walking and flying though there were significant interactions between male age and synthetic MSPs. The former interaction indicates that in young males older-male synthetic MSPSs increased the frequency of walking, while in older males young-male synthetic MSPs increased the frequency of walking (Fig. 2b) . The latter interaction reflects that older-male synthetic MSPs increased flying activity in young males, but decreased flying activity in older males (Fig. 2c) . The remaining interactions were nonsignificant (Table 3) . Operations to manipulate pheromone blend were highly successful in reducing MSP2 as young and older operated males did not produce significant amounts anymore, but less so in reducing MSP1 and MSP3 (see Table 4 as compared to Table 1 ). In particular, in the older males MSP1 and MSP3 titers were relatively high. Consequently, young and older operated males did not differ significantly in MSP2, while MSP1, MSP3 and concomitantly TotalMSP remained higher in older than younger males. MSP3/MSP1 ratio was not significantly different in older and young males, while MSP3/MSP2 and MSP1/MSP2 ratio was higher in older than younger males (see Table 4 ).
After the termination of unsuccessful mating trials (i.e., 90 min after perfuming), the amounts of MSP1, MSP2, MSP3, and TotalMSP were all significantly lower in younger than in older males (see Tables 5 and 6 ). Perfuming significantly affected the amounts of MSP3 and TotalMSP only, both being higher in males treated with young compared to older synthetic MSPs. MSP ratios differed significantly between younger and older males for MSP3/MSP1 and MSP3/MSP2 ratios (both higher in younger males), but not for MSP1/MSP2 ratio. Pheromone manipulations significantly affected MSP3/MSP1 ratio (being higher in males treated with synthetic MSPs mimicking young males), but not MSP3/MSP2 and MSP1/MSP2 ratios. All interactions were non-significant.
When comparing the MSP profiles of males after the end of the behavioral experiments, winners compared to losers had significantly higher amounts of MSP3 (t=−2.44, P=0.023), TotalMSP (t=−2.61, P=0.015) and a lower MSP3/MSP1 ratio (t=2.74, P=0.011), while MSP1 (t=−3.08, P=0.055), MSP2 (t=0.35, P=0.732), MSP3/MSP2 ratio (t=−0.82, P=0.420), and MSP1/MSP2 ratio (t=−1.40, P=0.176) did not differ significantly between winners and losers (Fig. 3) . Further, male age significantly affected mating success (χ 1 2 =6.4, P=0.012), while neither synthetic MSPs (χ 1 2 =0.3, P=0.57), its interaction with age (χ 1 2 =1.9, P=0.17) or TotalMSP (χ 1 2 =1.7, P=0.20) were significant. Replacing TotalMSP by individual MSP components (MSP1, MSP2, MSP3), ratios (MSP3/MSP1, MSP3/MSP2, MSP1/MSP2) or using any combination of the above components showed qualitatively identical results (for age effects all P<0.044; for pheromone components or ratios all P>0.128, and for synthetic MSPSs all P>0.592). Fig. 1 Male mating success in relation to age and synthetic male sex pheromones (MSPs). Male Bicyclus anynana mating success in relation to male age (2 vs. 12 days old) and synthetic male sex pheromones (mimicking young males: open bars; mimicking older males: black bars) in experiment 2. For details, see text (N=25). Different letters within bars indicate significant differences among treatment groups The 142 mating trials performed here resulted in 52 successful matings (37.7 %), 13 of which took place within the first 90 min (9.2 %). In these 'operated' males, a higher mating success in older versus younger males was found (older: 34, young: 18; χ 1 2 =4.9, P=0.027; Fig. 4b ). Again, neither time to copulation (t 50 =1.4, P=0.176) nor copulation duration (t 50 = 0.09, P= 0.930) varied significantly across age classes. In line with earlier results on B. anynana, we found a higher mating success in older compared to younger males Nieberding et al. 2012 ). Similar results have been shown in some other species Perez-Staplez et al. 2010; Judge 2011 ; but see Milonas and Andow 2010) . Evidence from two independent experiments (1 and 2), using different approaches, suggests in agreement with hypothesis 1 a greater eagerness to mate in older males in B. anynana. Older males were overall more than twice as active compared to younger males. Specifically, they allocated 66 % and 135 % more time to flying and courting, respectively, compared to younger males. They not only courted more frequently but also for longer time bouts, thus supporting earlier predictions concerning increased eagerness and aggressiveness of older males (Geister and Fischer 2007; Fischer et al. 2008; Janowitz and Fischer 2012) . Therefore, old male mating advantage may be causally related to male behavior. These findings suggest that older B. anynana males show higher levels of activity and gain a higher mating success despite a clearly poorer condition compared to younger males (decreased body mass, fat content, and wing wear; . Similarly, competitive ability was found to increase with male age despite a decrease in total body mass, abdomen mass, and wing area in the butterfly Hypolimnas bolina (Kemp 2002) . Note further that our results cannot be explained by differences in experience, as all males used here did not have any access to females prior to mating trials. Finally, the pattern also persisted when controlling for the period that males did not have access to females prior to mating trials (and using different experimental set-ups; Fischer et al. 2008; Nieberding et al. 2012) . Consequently, the pattern is not caused by a differential evaluation of the resource 'female' across age classes.
Old male mating advantage and pheromone blend
Regarding the alternative hypothesis, that female preference for older males is based upon differences in pheromone blends, our study did not reveal conclusive evidence. In general, MSPs may convey important information to mates, such that olfactory communication has on principle the potential to transmit sophisticated information between individuals (Nieberding et al. 2008) . For example, in Lobesia botrana, female sex pheromones serve as sexual signal that provides honest information regarding female quality to males (Harari et al. 2011) . MSPs also play an important role for male mating success in B. anynana (Costanzo and Monteiro 2007; Nieberding et al. 2008) . This is evidenced in our study by (1) a four times lower mating success (9.2 % vs. 36.1 % within the first 90 min) in experiment 3 (only operated males) vs. experiment 4 (operated and shamoperated males), (2) the higher mating success of shamoperated vs. operated males in experiment 4, (3) the overall higher mating success in experiment 2 (males treated with synthetic MSPs) compared to experiments 3 and 4, (4) and ANOVA results for the effects of male age and synthetic male sex pheromones (MSPs, young blend vs. older blend) on male sex pheromones in Bicyclus anynana after 1.5-h mating experiment (experiment 2)
Significant P values are given in bold. Sample size is 24 per treatment throughout the fact that MSP titers (MSP1 and MSP3) were higher in successful compared to unsuccessful males (experiment 2). Taken together these findings indicate that male mating success is associated with the presence of a meaningful amount of MSPs (experiments 3 and 4), and that furthermore a higher total amount of MSPs is associated with a higher male mating success (experiment 2). Despite the general importance of MSPs for male mating success in B. anynana, in the current study it remained unclear whether variation in MSPs, and specifically in MSP2, is causally related to old male mating advantage (cf. Nieberding et al. 2012) . Our manipulative approach was aimed at disentangling pheromone blend from male age (experiment 2) revealed no evidence for an effect of synthetic MSPs (mimicking the pheromone blend of older vs. young males) on mating success, while a similar previous experiment did so (Nieberding et al. 2012) . However, note that in the current experiment only the MSP3 titer differed among synthetic MSP treatment groups after the termination of the experiment, but not the MSP1 and MSP2 titers (and corresponding ratios; Table 5 ). This may be caused by a partial degradation of synthetic MSPs prior to their use, or by evaporative losses during the course of the experiment (thus assuming significant differences at least at the start of the experiment). Regarding the latter, note that we used only 5-rather than 10-male equivalents of synthetic MSPs (Nieberding et al. 2012) to allow for more natural male odors, which may not have been enough to maintain differences throughout the course of the experiment (cf. Nieberding et al. 2008) . Therefore the present results need to be interpreted with caution, as old male mating advantage may well be caused by age-specific increases in MSP titers (Tables 5 and 6 ; Nieberding et al. 2008 Nieberding et al. , 2012 , while the differently treated groups showed only minor differences. The absence of variation in MSP2 titers at the end of our experiments may have prevented females from using this particular cue assumed to be of special importance (Nieberding et al. 2008 ).
However, unlike earlier studies, we directly compared the pheromone blends of successful and unsuccessful males simultaneously competing for individual females, rather than inferring patterns based on group means. These analyses showed that successful males have higher titers of MSP3 and concomitantly TotalMSP. Therefore, we suggest that male mating success may be affected by the total amount of MSP production, being dominated by the major component MSP3, which has not been tested previously (as in Nieberding et al. 2012 , the total amount of MSP was kept constant). Total amount of MSP could serve as a signal for male quality in case its production is costly, which would also agree with the residual reproductive value hypothesis ) with older males investing more strongly into behavioral and physiological traits to maximize mating success.
Interestingly MSP2 did not differ between males gaining or not gaining a mating, despite the rather large variation in MSP2 titers (cf. Fig. 3 ). Our results therefore suggest that MSP2 may be of minor importance for male mating success and specifically old male mating advantage. However, in our experiment MSP2 titers were overall relatively low compared to natural standards, again calling for a cautious interpretation. Our treatments did, however, reduce pheromone production, especially so for MSP2, which was reduced to 1-2 % compared to natural amounts (Table 4 ; cf. Nieberding et al. 2008 Nieberding et al. , 2012 . Despite the facts that (1) MSP2 was accordingly practically absent, (2) other MSP components were reduced, and that (3) accordingly MSP ratios differed considerably from natural ones in the operated males used in experiment 4, old male mating advantage prevailed. A stronger reduction of MSP2 as compared to MSP1 and MSP3 was expected as the former is exclusively produced in the androconia (which had been removed), while both latter are also produced throughout the wing (Nieberding et al. 2012) . As pheromone production cannot be completely switched off Comparison of male sex pheromone (MSP) composition in relation to age (young: 2 days; older: 12 days) and MSP manipulation (synthetic MSP mimicking young (Y) or older (O) males) in Bicyclus anynana after a 1.5-h mating experiment (experiment 2). Given are means (M) and SEs. Sample size is 24 throughout. For statistical analyses, see Table 5 (cf. Nieberding et al. 2008) , older operated males exhibit higher amounts of MSPs than younger ones, which may again have affected male mating success. The above results indicate that age-related pheromone signals may indeed be involved in old male mating advantage at least to some extent. The titers of the quantitatively dominating components (in the first place MSP3; this study, Nieberding et al. 2008; may be especially important, while we found no support for a meaningful effect of MSP2. However, we assume that variation in MSPs plays a subordinate role only, because pheromone titers or ratios were not significant predictors for male mating success in GNLMs if male age was entered as a factor. These findings may indicate that factors other than pheromone blends (e.g., behavior) have a dominant influence on old male mating advantage.
Male eagerness versus female choice?
The difficulty in elucidating whether old male mating advantage in B. anynana is causally related to male behavior or female choice based on pheromones is how to discriminate between the two. Both factors are expressed simultaneously Fig. 3 Male sex pheromone composition in successful and unsuccessful males. Differences in male sex pheromone composition between winners (successfully mated) and losers in Bicyclus anynana in experiment 2 (N=25). Different letters within bars indicate significant differences among treatment groups when performing mating experiments, warranting experimental manipulations. While an earlier such study revealed evidence for a prominent role of MSPs and especially MSP2 (Nieberding et al. 2012) , our laboratory experiments indicate a prominent role of male behavior. Based on the current results, we suggest that male behavior -rather than female choice based on pheromones -is of primary importance, as pheromone blends did not directly affect the mating success of males differing in age (GNLM analyses), and because old male mating advantage prevailed despite various pheromone manipulations (see above). Note though that females may preferentially mate with more active and aggressive males. Thus we cannot exclude that female choice still plays a significant role.
Nevertheless, MSP titers clearly do play a role for male mating success (Costanzo and Monteiro 2007; Nieberding et al. 2008 Nieberding et al. , 2012 . Note that in the mating experiment performed by Nieberding et al. (2012) , differences in male behavior were controlled for by manipulating the pheromone blends in males of the same age. Here, females showed evidence for a preference for males with oldermale synthetic MSPs. Such a pattern is expected if both, behavior and pheromones jointly contribute to the pattern and when controlling for behavioral differences. However, the overriding importance of behavior is further corroborated by the earlier finding that very old males showed by far the lowest mating success despite high pheromone titers (Nieberding et al. 2012) . Female choice based on pheromones though as opposed to male eagerness and aggression should not be affected by male condition. This finding thus supports the notion of a primary importance of male behavior: older males are more successful up to the point where diminishing performance severely hampers their ability to court, although they exhibit high pheromone titers.
Conclusions
We suggest that male behavior is of primary and pheromones only of secondary importance in determining old male mating advantage in B. anynana. Our results support the residual reproductive value hypothesis, with older males gaining a mating advantage by being more active, aggressive and persistent, thus reflecting a greater eagerness and motivation to mate. Similar findings have been obtained in the spider Argiope bruennichi, where courtship activity directly increases the males' paternity success independent of male quality (Schneider and Lesmono 2009 ). The residual reproductive value hypothesis further implies that males should be more aggressive regardless of the potential fitness consequences for their female partners, which may involve sexual conflict if mating with older males is actually disadvantageous for females. Female choice, in contrast, would imply a direct or indirect fitness benefit for females mating with older males. This issue is not trivial as results from other systems on this matter are contradictory. Mating with younger males has been found to be advantageous for females in, e.g., the mosquito Anopheles gambiae (Chambers and Klowden 2001) , the European corn borer Ostrinia nubilalis (Milonas and Andow 2010) , and the ladybird Coccinella septempunctata (Srivastava and Omkar 2004) , while in the seed beetle Callosobruchus maculatus no effects of male age could be observed (Fricke and Maklakow 2007) . In B. anynana though a recent study provided clear evidence that mating with older males is indeed detrimental to females, as females having mated with older compared to younger males showed a reduced egg hatching success, a higher remating propensity, and tended to show shorter refractory periods (Karl and Fischer 2013) . These findings considerably strengthen the conclusions Fig. 4 Male mating success in manipulated males. Male Bicyclus anynana mating success in operated versus sham-operated (control), with natural male sex pheromone blend) 6-day-old males (a, N=48, experiment 3), and in relation to male age (2 vs. 12 days old) in operated butterflies (b, N=52, experiment 4). Different letters within bars indicate significant differences among treatment groups drawn above and may initiate an increasing research interest on the background supporting the residual reproductive value hypothesis.
